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FULL-SCALE INVESTIGATION OF THE AERODYNAMIC CHARACTERISTICS
OF A TYPICAL SINGLE-ROTOR HELICOPTER IN FORVWARD FLIGHT

By Richard C. Dingeldein and Reymond F. Bchaefer

SUMMARY -

As part of the general helicopter regf8egrch pcogram.being under°
taken by the Netional Advisory Ccmmittes for Aeronautics,ﬁo provide
designers with fvndsmental rotor information, the forward-flight
performance characteristics of a typical single-rotor helicopter,
vhich is equipped with main and tail rotors, have been investigated
in the Langley full-scale tunnel. The test confiitione included
operation at tip-speed ratios from 0.10 to 027 and at thrust coef-
ficlents from 0.0030 to 0.0060. Results obtained with the produc-
tion rotor were compared with those for an alternate set of blades
having cloger rid spacing and a smocther and more asccurately con-
toured surface in order to evaluate the performance gains that are
avallable by the use of rotor blasdes having an improved surface
condition.

The data have been reduced in terms of the main-rotor drag-
1ift ratios and are presenteod in a series of charts which facilitate
meking & rapid estimatlon of rotor forward-flight performance. The
charts mey be used directly for rotors that have physical character-
istics similar to either of the two test rotors. The results may
be used for rotors of different solidities by applylng a correctlon
to the power drag-lift ratios used in the charts, and a chart to
facilltate this correction is included.

The wind-tunnel results are shown to be in failr agreement with

the results of both £light tests and theoretical predictions. The
data Indicate that large savings in the powsr required for flight
at any thrust coefficlent result from the use of the smooth blades.
Additional smaller savings are also shown to rosult from operation
at lower rotational speceds.

INTRODUCTION

As part of a general investigation to obtain rotor character-~
istics for use by helicopter designers, the forward-flight charac-
teristics of a typical helicopter, which has a single large main
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rotor and a small torgue-compensating teil rotor, have been investi~
gated in the Langley full-scale tunrel. Included 1n the investi-
gation was the evaluation of the resultant forces on the complete
helicopter and the powsr input to the main rotor over £ range of
thrust coefficlents, angles of attack, and tip-speed ratios. During
a preliminery investigation of the static-thrust characterlstics

of six sets of rotors (reference l), the increased performance due
to improved surface condition was indicated to be greater than any
increase produced by camber or twist. It was dscilded, therefore,

to also investigate the effect of surface condition on the forward-
flight performance of the helicopter. This phase of the investl-
gation was conducted with the production rotor and a set of smooth
blades used in the static-thrust teste. In addition to obtaining
rotor-performance information, the forward-flight investigation
served also to indicate the Feasibility of testing this size and
type of aircraft in the Langley full-scale tunnel by affording a
comparison with the resulis of-concurrent flight tests. The force-
tost data were also compared with the results of calculations made
from existing theory.

SYMBOLS

CT thrust coefficient of main rotor (: T :)

o(aR)%nR®
L
Cr, rotor lift coefficient [ ———
r 1.2 .2
~oV*= R
F la
cmf fuselage pitching-moment coefficient use gelpitching moment
-e-pV?‘:tRZR

uselage 1lift

-23:pv2n32

CLf fuselage 1lift coefficilent

uselage drag

1.2 .2
=pV=nR
2.

CDf fuselage drag cosfficient |
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H < H =

o a

ol

rotor thrust, pounds

rotor tordque, foot-pounds

angular velocity of rotor, radians per second
mess density of air, slugs per cubic foot

mase density of alr at sea level under standard condi-
tions, 0.002378 slugs per cubic foot - =

distance from center of rotation to blade element
rotor blade radius, feet:

airspeed, fest per second

rotor 1ift, pounds

rotor solidity (bc/sR)

chord at r
b=
cr dr
uo

R ,
r° 4r

mean chord

0

numbser of blades ) o

V cos ag
tip-speed ratlo | ———o
QR

geometric angle of attack set in tunnel; acute angle
between the center line of tunnel and a plane perpen=- ~
dicular to the rotor shaft, nesative when tilt is
forward

hellcopter angle of attack: scuts angle batween direction
of air flow and a plane perpendicular to the rotor
shaft, negative when tilt is forward

mean blade piltch angle at 0.75R, degrees C T
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P/L power drag-lift ratio, ratio to rotor 1ift of drag equiva-
lent of main-rotor-shaft power abesorbed at given air-

a (Qn)
gpee T

(D/L) ugeful dreg-lift ratio, ratio of rotor thrust along flight
u path to rotor 1ift '
(D/L) rotor drag-lift ratio, equal to the sum of the rotor
r induced drag-lift ratio and the rotor profile drag-lift
ratio

DESCRIPTION OF AIRCRAFT SHTUR-

A photograph of the helicopter mounted on the Langley full-
scale tunnel balance supports is shown in figure 1. General char-
acteristics and pertinent dimensions of the aircraft are given in
the three-view drawing of figure 2. Additional informstion con=-
cerning the aircraft cem be found in reference 2.

Inasmuch as it wes necessary to kesp the helicopter trimmed in
the flight conditions simulated, & direct-reading, gix-component,
auxiliary strain~gags balance was designed for the tests. Modifica-
tions were made to the aircraft to permit 1ts attachment to the
strain-gage beams at each support point. Two etreamlined etesl
braces were installed between the rear tummel support head and the
two forward supports to reduce longitudinal stresses in the fuselage
structurs.

Rotors Testod

Photographs and general dimensions of the test rotor blades,
which are referred to as the.production bladss end the asmooth blades,
are presoented in figure 3. The production blades have a radius of
19 feet measured from the center of robation, a total area (three
blades) of €5.U4 square feet, and a solidity of 0.060. Thv bladaes
are tapered in plen form, are untwisted, and havs an NACA 0012 air-
foil section. The forward 35 percont of the chord is conteoured
with spruce fairing strips. A wire cable forms the tralling edge
and the entire blade 1s covered with fabric having e standard
sprayed dope finish. The smcoth bledes arc identical to the pro-
duction blades in pitch distribution, airfoil section, plen form,
and solidity, but have twice as meny ribs cutboard of the Ul-percent
radius. In sddition, tho forward 35-porceont of thoe chord outboarad
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of the 0.40R station was accurately filled %o contour and given a
smooth finish, and the blades were polished with wax prior to the
tests.

Instrumentation

The necessary Instruments, engine controls, and flight con-
trols were operated from the test house at the rear of the balance
house. {See fig. 1.) Electric actuators were used to control the
cyclic feathering and tail-rotor pitch, and a hydraulic actbuator
operated the pitch of the main rotor. NACA ccntrol-position indi-
cators were attached to the linkages to show the control settings.
The main-rotor pitch was calibrated with a protractor fastened to
one rotor blade at the 14.25-foot radius (0.75R) with the feathering
get to zero.

In ordsr to obtain more accurate mean blade-pitch angles than
could be determined by measuring the position of the control
linkeges, a photographic system was used. A Bell and Howell Eyemo
motor-driven 35-millimster motion-picture camera was mounted on
the crown housing aiming spanwise along one blade. Grain-of-vwheat
lamps were located on the upper surface of this blade near the
leading and trailing edges at% the 0.L5R, 0.75R, and 0.95R stations.
Lights on one test-chember wall, which were photographed once during
each revolution, made it possible to determine the azimuth angle for
each film frame. : =

The shaft-powsr input to the main rotor and to the tail rotor
was obtalned by strain-gage torgque meters mounted below the main-
rotor thrust bearing and just forward of the tail-rotor gear box,
respectively.

TESTS

Force measursments were first made to determine the aero-
dynamic characteristice of the fuselage for the following three
configurations:

Configuration 1: Main and tail rotors removsd, dummy whoels
installed, and doors, windows, and cabin vents closed. This con-
flguration is denoted as the basic condition.

Configuration 2¢ Same as configuration 1, except windows and
cabin vents were wide open.
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Configuration 3: Same as configuration 1, but with the Bell
and Howell 35-millimeter motion-picture camera mounted on the crown
housing. The engine was idled at 1200 rpm for thls condition, to
average the camera tares at different azimuth angles.

Data were obtained for the three configurations at rotor-shaft
angles of attack ranging from 11.5° to -15. 59 for tunnel alrspeeds
from 30 to &5 miles per hour. Forces were measured during these
tests with the standard tunnel balance system. In addition, wool
tufts were mounted every six inches 1n staggered rows on the undex
gide of the fuselage from the nosse to the taill support; and the
tuft behavior was observed over the same range of angles of attack
at—8 tunnel airspeed of 62 miles per hour.

The tests with the maein and the teil rotors installed were
made at angles of attack (referred to tunnel axes) fram 9.5° to -5.
for tunnel airspeeds from approximately 30 to 80 miles per hour for
the smooth blades. Less data were obtained for the production ,
blades, which were expscted to show inferior forward-flight per-
formance with regard to the power required For each run the blade-.
pitch setting was varied from 42 o 12°. The side force and the
rolling, the pitching, and the yawing momentd Were set_to Zero as
indicated by the straln-gage balance. An dEEempt to mafntain the
crulsing power conditicn at an engine speed of 2100 rpm (main-rotor
speed of 225 rpm) resulted in excessive longitudinal vibration at
tunrel airspeeds above 30 miles per hour. Therefore, successive
reductions in engine spesd to 2000, 1900, and 1800 rpm {msin-rotor
speed of 212, 203, and 193 rpn, respectively) were necessary as
the airspeed wag Increased. In order to reduce vibration further,
the rigldity of the supporting structure was incrsased by climinating
the standard tunnel balance system, making it necessary to obtain
all force data from the guxiliary strain-gago balances.

During each recording of data, the motlion-picture camera was
operated for two seconds at a speed of approximstely 48 framss
per second.

The axes about which the moments were trimmed intersected at
a point on the center line of the rotor shaft 56.52 inches below the
plane of the flapping hinges. "This point falls within the center-
of-gravity range corresponding to normal loading.

RESULTS AND DISCUSSION
Fusgelage
The variation of the 1lift, the drag, end the pitching-moment

coefficients with the angle of attack for the three configurations
at a tunnel airspeed of 62 miles per hour is presented in figure k.
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Opening the cabin vents and windows produced a small increass
in pitching-moment coefficient, little change 1ln 1ift coefficlent,
and had almest no effect on the fusslage=-drag coefficient for
forward-flight sttitudes. The addition of the motion-plcture
camera to the basic configuration produced an even smaller increase
in pitching-moment coefficisnt, a slight decrease in lift coeffi-
clent, and an increasse.in the drag coefficient of an average of
b percent over the entire angle-of-attack range. The variation
of pitching-moment coefficient with angle of attack was either
neutral or unstable for all three configurations throughout the
angle-of-attack rangs.

The horsepower regquired to overcome the fuselage drag at 4if-
ferent airspeeds for the bazic condition iz given in figure 5. The
values at airspeeds bslow 30 miles per hour were obtalned by extra-
polation and are indicated by a broken line, The fuselage angles
of attack for whilch the power was calculated were obtained from
data in reference 2. At an airspeed of &0 miles per howr, 68 horse-
power or almost 38 psrcent of the rated power of this helicopter
is requirecd to overcome the fuselags drag. For the high-speed
attitude of 10° the equivalent perasite -drag area based on a coef-
ficlent of unity is 21 square feet. The minimum drag coefficient
referred to the proJjected frcnbtal area of ths fuselage is approxi-

metely 4% times that of a conventional airplane fuselage.

The observatlions of the tufte on the under side of the fuselage
for angles of attack from 11.5° %o -15.5° are shown in figure 6.
The representation of disturbed flow shows approximastely the magni-
tude of the tuft motion. Separated flow, indicative of large drag
losses, was present bshind the constant-width section of the fuselage
at all negetive angles of attack. This result is in agreement with
the rapld increase in drag coefficient observed from the force deta.
(See Pig. b4.) :

Rotor Characteristics

Inasmuch as 1t 1s desirable to present the results in terms
of the characteristics of the main rotor slone in order that they
might be more readily adapisd to general use, the fuselage, the
rotor hub, and the tail rotor have been in a sense considered as
supports for the main rotor. The data have accordingly been rediuced
by the followlng procedure: Ths halicopter angle of attack and the
1ift and the drag coefficients used 1n the calculations were cor-
rected for the Jet-boundary effect by using the usual tunnel cor-
rection for a wing having the same ares and 1ift as the rotor disk.
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A plot of this Jet-boundary correction as a function of rotor 1ift -~
coefficient is shown in figure 7. A stream sngle correction of -0.5°
was also applied to the data. The roteor drag-lift ratios were
evaluated from the following relationship given in rafersnce 3:

0600, o

where

- power drag-lift ratio, ratlo to roter 1lift of drag equi-
L valent of mein-rotor-shaft power absorbed at given air-

speed (QQ/VL)

rotor profile drag-lift ratio

a9
N o

rotor induced drag-lift ratio

AN
Hio

varagite drag-lift ratio

il
g~

~N N
Bio

) ratio to rotor 1ift of Porce along flight path available
for horizontal acceleration or climb

Previous experience has shown it convenient to regrcup the
terms of the foregoing equation to give the relationship

e, @
where

(2 rotor drag-1lift ratic (-]2> + (2>
L L ITi
r
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(2) useful drag-lift ratio, ratio of total rotor thrust slong

L/, the flight path to rotor 1ift
(2 - (P.) + (P. = (2) + (2) - (.12)
L) L L) L/ \L L
u P [ Ps Dy b

and subscripts

Pe parasite drag of fuselage
pt paragite drag of tail rotor
b drag messured by wind-tunnsl balance

In equation (2), P/L and (D/L)u were readily obtained from

readings of the torque meter and the auxiliary strain-gage balence
during testas of the complete helicopter and from the results of the
fuselage force tests previously dlscussed. The rotor lift used in
each term of this equation has besn corrected fcr the estimated
downward load on the fuselags due to the induced flow through the
rotor. This correction was obtained by assuming the fuselage attil-
tude to be the aserodynsmic angle of attack minus the induced down-
wash angle at the rotor, which was taken as 57.3CLr/h degress.

Inasmuch as the camera was mounted on the helicopter throughout
the tests, the fuselage tares obtained for comfiguration 3 were
uged in reducing the data. , -

-

It was necessary to resort to the theory of reference L to
estimate the parasite drag of the tail rotor. This estimate was
made by determining the theoretical value of the mean section ’
profile-drag coefficlent, which corresponded to the shaft-power
input obtained from the tail-rotor torque-meter reading. From
thie profile-drag coefficient and the value of the tall-rotor lift
obtained from the measured main-rotor-shaft torque input and heli-
copter yawlng moments, the parasite drag-lift ratio of the tail ~
rotor was calculated. The equivalent parasite-drag area of the
taill rotor based on a cosfficient of unity was of the order of one
squars foot for all test conditions.

The mean blade-pitch angle of the main rotor at the 0.75R sta-
tion, O, was obtained from the camera records. When records were
not avallable, tho value of 6 was determined from the reading of
the indicator attached to the pitch-control linkege and from a
calibration curve of this indicated pitch angle plotted against the
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mean pltch angle taken from the camera records. The accuracy wlth
which the mean pitch angle could be found was about +0.25°.

The final plots presenting the results of the forward-flight
investigation were derlved as follows: .
were plotted

(1) Vvalues of P/L, (D/L)u, Cr., and ag

against tip-speed ratio u fFfor the values of mean piltch angle 8@
at which the tests were made. These curves were prepared for each
tunnel angle of atback O+ A faired plot of the data obtailned at

a tunnel angle of attack of'—5.6O is shown as a sample in figure 8.
It should be ncted that the corrected angle of attuck, @, differs

from ap by the magnitude of the Jet boundary end stream-angle
corrections. The symbol ag delfinos the atbitude of the rotor

shaft with respect to the free-stream directlon, dbutdoes not
reprosent the forward-tilt of the axis of zero feathering, which
differs from Sy by the lengitudinal feathering reguirsd for trim.

(2) Cross plots of the curves in item 1 were made in which P/L,

(D/L)u, CLp, and @, wers plotted ageinst @ for a range of

values of p. A sample cross plot at ap=-5.6" is shown in
figure 9. The curves drawn in these figures pass through each of
the cross-plotted points taken from the data plottod in step 1 and
are not falred agsin.. : -

(3) At oven values of 6, the terms P/L, (D/L)u’ and O,

were next plotted against oy for a range of values of w. Theose

plots elimineted ap as a variable. A sample cross plot mede for

a pitch angle of 8° 1ig pregented in figure 10.  As in the previous
atep, the curves pass through each of the creoss-plotted points.

(4) Finally, CLr and (D/L), were plotted against P/L for

conditions of constent mean blade pitch angle and for conditiona
of constant rotor-shaft tilt (fig. 11). Plots were made for each
tip-speed ratio. In this final step any emall waviness in the
curves was faired out. The 1ift coeflicients <corresponding to
values of rotor thrust coefficient of 0.0030, 0.0040, 0.0050,

and 0.0060 were then calculated for each chart from the relation-
ship )
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with a value of unity essumed for .the term cos3ms. The lines of

constant-thrust coefficlent were then drawn on the plots of Cp,
against P/L and of (I)/L)u egainst P/L +to the extent of the

data. Although excessive vibration necessitated progressive =
reductions in the rotor speed as the tunnel airspeed wes increased,
the data obtained at the different rotor speeds are in good sgree-
ment. Sufficlent overlspping of test data ls present to indicate
that any effects due to operating the rotor at different speeds are
wlthin the experimental accuracy. )
Charts of this form are presented for the smooth blades in
figure 11 for tip-spesd ratios frem 0.10 to 0.27. Similar charts
prepared from the data obtained for the producticn blades are given
in figure 12 for tip-speed ratios firom O0.17 +to6 0.22. The lines of
constant mean blads-pitch angle and rotor-shaft angle of attack
have been omitted from the lower part of the charts for clarity.

These data, which were obtained on & rotor of 0.06 solidity,
may conveniently be appllsd to the study of rotors of other
solidities by makling a correction to the power drag-1ift ratios.
This correction represents the calculated change in rotor induced
drag-1ift ratio caused by & change in sclidity at a fixed blade
loading (Grls). -From the simplifying assumption (reference k}

that the rotor induced drag-lift ratio is equivalent to CLr,h,

the corrections to be applied to the values of power drag-lift
ratio obtainsd from the charts of rigures 11 and 12 have been
calculsted for solidities of 0.03 and 0.09. The ccrrections are
Dresented in Ffigure 13 as a function of tip-~speed ratio for values
of GCpfjo of 0.05 and 0.10. A linear interpolation may be used

in obtaining the corrections for other values of ¢ eand GT[U-

As the simplified method of computing the rotor induced drag-1lift
ratios i3 sccurste only for & tip-speed rstic of 0.15 or higher,
the corrections ares not included for the lower tip-speed ratios.

The power requirsd for a helicopter in steady flight over a
range of thrust cosfficients and tip-speed ratios and equipped
with elther of the two rotors tested can be easily determined Prom
the charts, provided that the fusclage charscturistics for dif- )
ferent airspeeds are known or can be estimated. From the charts
Just presented, the fuselags data for the basic configuraticn _
(fig. 4) corrected for the effect of the rotor-induced velocities,
together with the variation of the holiccpter angle of attack with
airspeed from the data of referecnce 2, and the one square-foct
perasite-drag area of the taill rotor previously determined, the -
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horssepower required for the helicopter 4in unaccelerated horizontal
flight at different airspeeds was computed. The calculatlions were
made at thrust coefficients of 0.0050 and 0.0060 for the helicopter
having the smooth blades and at & thrust—coefficisnt cf 0.0060 for
the same helicopter. having the production blades. At a few tip-~
speed ratios a smell extrapolation of the lines of conestant thrust
coefficlent shown in figures 11 and 12 waes made. The results are
shown in figure 1hk. As flight data obtalned at a gross weight of
2560 pounds and a density ratio of 0.924 were avallable from refer-
ence 2 for the production blades, all calculations were based on
this weight end density to permit & comparison of the tunnel results
with those of the flight tests. The flight-test deta for Gr==0.0060

are included in figure 4.

The large performsnce gains that can be obtained from rotor
blades which have less profile drag because of an improved surface
condition are clearly shown by ths results of the tunnel tests.
Over the range of ailrspeeds for which the data for the two rotors
overlap, at a thrust coefficient—of 0.0060, the smooth blades
require an average of 14 horsepower less than the production blades.
This reduction represents an average power saving of approximately
13 percent. These results indicate that the absence or prosence .
of a satisfactory blade surface condition could mesn the difference
between unacceptable and acceptable forward-flight performance.

The static-thirust resulte of-reference 1 and the results shown in
figure 9, as well as tho theoretical calculations presented in
refersence 5, prove that very substential power savings can be
obtained in all phases of powered flight by-using rotor blades
having & smooth and accurataly contoured surface that will not
deform during flight.

The data for the emooth blades also indicate that additional
bower savings are avallable at a given airspeed by flying at lower
rotor speeds which correspond to higher thrust coefficlents. An
average of 3.5 percent legs horsepcwsy is required for £light at
a rotor speed of 200 rpm (Cp = 0.0060) then at 219 rpm (Cp = O. 0050)
This saving may be attributed to the larger profile lift-dreg
ratios resulting frcm ths higher blade section angles of attack
Present at lower rotor speeds. However, the extent tec which the
rotor speed can be reducsd will be limited by blade stalling.

Figure 1k shows that the limited emount of data obtained with
the production bledes is in good agreement with yresults of flight
tests made with a similar rotor.

In order to determine how closely the results could have been
predicted by theory, a comparison was made between the full-scale-
tunnel data and calculations based on the charts of reforence 3



for the hellcopter flying with the smooth bledes in level

flight. Figure 15 presente a comparison of the forward-flight
performance of the holicopter equipped with the smooth blades as
determined from the tunnel resvlts and as calculated by the charts
of reference 3. The flgure glves the horsepower required for level
flight at thrust coefficients of 0.0050 and 0.0060 and shows Tair
agreement between the two methods.

CONCLUSIONS

The resulte of the Investlgation of a typlcal single-rotor
helicopter in simulated forwerd-flight condlitions in the Langley
full~scale tunnel arz aa follows: '

1. A smoother, more accurately and permanently contoured rotor
than ths production rotor will vpermit the helicopter to fly at a
substantial reduction in the powsr required at any thrust coeffi-
cient because of lower mrofilo-drag losses. At a thruset coeffi-
cient of 0.006Q the smooth-surfaced rotor required an average of
13 percent less power for flight over the range of airspeeds from
4 to 60 miles per hour than did the production rotor. The presence
or lack of a smooth rotor-blade suriface condition can conastitute
the difference between acceptable or unaccepbtable hslicopter per-
formance. : : . T

2. Additional but smaller power savings were realized in o
operation at higher thrust coefficients. An average of 3.5 percent
less horsepower was required in flight at a rotor speed of 200 rmm
(thrus? coefficient, 0.0060) then at 219 rpm (thruet ccefficient,
0.0050)

3. The results of the wind-tunnel investigetion are shown to
be in Talr agreement with results of flight tests and with the
predictions made from the sxisting theory.

Langley Memorial Aeronautical Laboratory
National Advisory Comittee foi Aeronautics
Lengley Field, Va., February 18, 1947
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Figure 1.- Helicopter mounted for tests in the Langley fu]l-éca.le tunnel.
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Fig. 11b
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